that this patient will not benefit from BH 4 treatment, whilst identification of a well-known BH 4 -sensitive mutation in a patient who has been classified as non-responsive in a BH 4 test should be an indication to re-examine the classification and, if necessary, repeat the test. Care must be taken to recognize potential errors in the results of molecular studies, and to interpret them in relation to clinical and biochemical findings in the individual.
Jervis characterized the enzymatic phenotype by pinpointing the metabolic error to the enzyme phenylalanine hydroxylase (PAH) [3] . The successful treatment devised by Bickel et al. [4] and the development of a method for rapid screening in a large number of samples by Guthrie and Susie [5] were the bases of the revolutionary concept of universal neonatal screening which caused a fundamental shift in the clinical phenotype of PKU: away from PKU as a cause of neurological symptoms and intellectual disability to PKU as a genetic trait that necessitates a special low-phenylalanine (phe) diet in order to avoid chronic brain damage. Elevated blood phe concentrations (hyperphenylalaninemia) may also be caused by inherited disorders in the biosynthesis of the cofactor tetrahydrobiopterin (BH 4 ), but the term PKU is reserved for PAH deficiency. Finally in the 1980s, the cloning of the human PAH gene [6] and the identification of the first disease-causing mutation [7] marked the beginning of yet another approach to PKU centered on the genotype, the genetic information that determines normal and mutant PAH protein and the development of PKU.
What exactly is meant when one talks about the disease PKU? It is not anymore the clinical phenotype of intellectual disability because this has been largely eradicated by neonatal screening and early initiation of dietary treatment. Rather it is a genetically determined trait that represents a high probability of developing clinical symptoms unless specific therapeutic measures are undertaken. In the age of presymptomatic testing (as practiced by neonatal screening) and preventive medicine, the definition of this genetic disease has thus shifted from clinical symptoms to a genetically determined increased risk for clinical symptoms which may be avoided with certain interventions. In PKU, elevated blood phe concentrations above 360-600 M are taken as a marker for such a risk and represent the limit at which diet is started.
Treatment of PKU has evolved considerably in the last decade. For almost 50 years, there was basically only one therapeutic option: phe restriction through a lowprotein diet in conjunction with supplementation of the other amino acids as well as vitamins, cofactors, and trace elements. This changed with the discovery that administration of the cofactor BH 4 causes a reduction in phe concentrations in some patients with PKU [8] . A pharmaceutical preparation of BH 4 has now been approved as a treatment option for those patients that respond to its application. Other novel therapeutic strategies including administration of large neutral amino acids that compete with phe for transport at the blood-brain barrier [9] , and enzyme replacement therapy with phenylalanine ammonia lyase [10] , are currently under investigation.
In consequence of the various aspects discussed above, a genetic approach to the diagnosis of PKU 'from genotype to clinical management' can have three different aims:
(1) Confirmation of the diagnosis PAH deficiency caused by biallelic mutations in the PAH gene, as opposed to primary disorders of BH 4 biosynthesis; (2) Identification of genotypes that predict whether or not treatment will be necessary; (3) Assessment of treatment modalities, i.e. identification of genotypes that allows the predication of whether or not the patient will be BH 4 responsive and/or that provides information on the severity of enzyme deficiency and thus strictness of diet.
The correlation between genotype and phenotype in PAH deficiency with respect to these aims is the focus of this article. Technical aspects that have an impact on the reliability of the molecular results obtained in routine clinical practice will be briefly discussed.
PAH Gene and Mutations
The PAH gene is located on chromosome 12q24.1 and encompasses approximately 100 kb of genomic DNA. The gene consists of 13 exons that are translated into a protein of 452 amino acids. More than 550 different disease-causing mutations in the PAH gene have been identified and reported to the PAH mutation database (www.pahdb.mcgill.ca) [11] ; many more may have been detected as part of routine molecular analyses in diagnostic laboratories. More than 80% of identified mutations are point mutations that have variable effects on transcription and translation; more than half are missense mutations that lead to the exchange of single amino acid residues in the PAH protein. In a diagnostic setting, PCR amplification and sequencing of all exons and adjacent introns achieves a mutation detection rate of 1 95-99%. Large deletions that are not recognized by standard PCR-based methods are found on a small proportion ( ! 2%) of PKU alleles; they may be detected by multiplex ligation-dependent probe amplification (MLPA) [12] .
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Phenotypes and Genotypes in PAH Deficiency
A phenotype is defined as an observable characteristic or trait of an organism. With regard to PKU, there are several phenotype levels, as outlined above:
• The clinical phenotype -e.g. intellectual disability, or the need for treatment to avoid intellectual disability; • The metabolic phenotype -e.g. elevated blood phe concentrations in untreated individuals with PKU; • The enzymatic phenotype -the residual enzyme function in the liver, or the severity of PAH deficiency.
There is a causal connection between the different phenotypes: the enzymatic phenotype determines the metabolic phenotype, and the metabolic phenotype determines the clinical phenotype. All three phenotypes in PKU can be influenced by therapeutic intervention -the clinical and metabolic phenotypes by diet, the enzymatic phenotypes (in many but not all patients) by BH 4 administration.
Independent of treatment and other external factors, there are endogenous differences in the phe tolerance, i.e. the maximum amount of dietary phe that can be taken by a person with PAH deficiency without blood concentrations rising above a certain upper limit. Traditionally, a distinction is made between PKU that requires treatment, and mild hyperphenylalaninemia (MHP) which does not [13] . There are differences in opinion about the exact blood phe concentration that represents the border between PKU and MHP; most recommendations regard concentrations up to 600 M as acceptable but treatment in some countries (e.g. the UK) is started when concentrations consistently exceed 360 M [14] . The neuropsychological data behind the recommendations have been reviewed by Albrecht et al. [15] 1 . In patients receiving treatment, different degrees of severity such as mild, moderate and severe PKU are distinguished. Various criteria are used for such distinctions; most reliable but also most difficult to determine exactly is the phe tolerance at the age of 5 years [16] . For practical purposes, it can be sufficient to distinguish severe (classical) PKU without residual PAH activity from mild PKU with relatively high phe tolerance; moderate PKU is somewhere in between.
The endogenous differences in the enzymatic phenotype and the response to BH 4 treatment are linked to the specific mutations in the individual genotype. Extensive studies, particularly in the last 10 years, have elucidated the exact functional effects of a large number of mutations. In many instances, residual enzyme function or responsiveness to BH 4 can now be explained by the stability, catalytic integrity and other molecular characteristics of the mutant protein [17] [18] [19] . There are a few general principles that can be followed when a genotype identified, say, in a neonate with hyperphenylalaninemia is to be used for predicting the expected severity of PAH deficiency (the phe tolerance or how strict the diet will have to be) or the response to BH 4 .
(1) Function dominates over non-function. PAH activity in a (compound) heterozygous individual is determined by the allele that codes for the protein with higher enzyme function [20] . (2) (6) In PKU patients with compound heterozygosity for a null mutation and a mutation with residual function, disease severity and BH 4 sensitivity are determined by the latter mutation (functional hemizygosity) [22, 23] . These rules have to be used with a degree of caution since other factors in addition to mutations identified in the PAH gene may influence the individual phe tolerance. There may also be other factors that influence the effects of high phe concentrations on cognitive performance and neurological symptoms; however, the presence of such factors has not been proven and thus cannot be taken into consideration for treatment decisions. 1 Interestingly, the discussion on when to start treatment has recently been revived in conjunction with the availability of BH 4 treatment, which is effective in many individuals with relatively mild PAH deficiency. It is important to be aware of commercial interests and corporate sponsorship with regard to recommendations to start treatment at lower phe concentrations.
PKU Mutation Analysis in Clinical Practice
Mutation analyses are not a prerequisite for optimal treatment of PKU patients as this is based on the regular measurement of phe concentrations and titration of dietary protein accordingly. Mutation analyses are not required for determination of BH 4 responsiveness either as not all patients with the same genotype appear to be equally responsive, and the interaction of two different mutations may be difficult to predict. Nevertheless, knowledge of the genotype may help in the assessment of potential BH 4 responsiveness and long-term management.
The primary diagnosis of PKU is based on the identification of consistently elevated phe concentrations in blood, and the exclusion, by biochemical tests, of primary deficiencies in the biosynthesis or recycling of the cofactor BH 4 . Enzyme analyses are not usually possible since PAH is an exclusively hepatic enzyme. Molecular analysis is not usually necessary to confirm the diagnosis; however, knowing and understanding the genotype at a very early stage often allows a prediction of the severity of PAH deficiency and provides a better picture of the biological characteristics of the disease in the individual patient. This may be useful in the actual clinical management. In classical (severe) PKU, for example, it can be difficult to avoid marked fluctuations in phe values and a rise above the upper therapeutic limit, e.g. during an intercurrent illness [24] . In contrast, similar fluctuations in mild forms of PKU are more likely caused by insufficient adherence to the diet and may be an indication to reassess possible reasons for poor compliance with treatment recommendations. Identification of homozygosity or compound heterozygosity for null mutations indicates that this patient will not benefit from BH 4 treatment, whilst identification of a wellknown BH 4 -sensitive mutation in a patient who has been classified as non-responsive in a BH 4 test should be an indication to re-examine the classification and, if necessary, repeat the test. It is important to realize that BH 4 sensitivity is a phenotypic trait that is defined by the individual response to BH 4 , and it is not an obligatory requirement to know the genotype even if it clarifies the underlying biology in the individual case and may help to save effort and money in the diagnostic workup.
PKU mutation analysis is sometimes requested by partners of individuals with PKU or confirmed carriers for PKU mutations in order to assess the likelihood of an affected child. Some couples choose not to have children when there is a high risk of 25% or even 50% that a future child will have PKU. In principle, it is easily possible to carry out prenatal diagnosis for PKU by chorionic villus biopsy/amniocentesis and analysis of the familial mutations if they are known. However, termination of pregnancy because of PKU in the expected child is not an option in many countries as the condition is well treatable and has an excellent prognosis. Predictive mutation testing in a family is therefore of limited value. Even if the mutations in a family are known, DNA analysis is not regarded as the method of choice for confirmation of the diagnosis in a neonate as the biochemical test provides the same result but is easier, faster, and cheaper.
Quality of PKU Mutation Analysis
Mutation analyses have become a normal component in the diagnostic workup of patients with PKU, but limited consideration is often given to the possibility that the reported results may in fact be incorrect. However, any laboratory method may go wrong for a variety of reasons; from sample mix-up to failure to recognize a relevant abnormality. This is especially true for generally complicated and non-automated mutation studies. Correct interpretation of the results requires a special expertise which may not be available in laboratories that offer molecular analyses for a large number of genes for commercial reasons. Unfortunately, errors that have occurred may go unnoticed since DNA studies are relatively costly and are not easily repeated.
An annual External Quality Assessment scheme for PKU mutation analysis instigated in 2004 has given rather disconcerting results in this respect [25] . Participating laboratories received three DNA samples for either diagnostic mutation analysis or carrier testing. Each year, a number of laboratories have failed to determine the correct genotype. Sometimes this was explained by methodical limitations, but each year there has been at least one laboratory that missed a mutation despite using an appropriate technique. Indeed, in one year almost 8% of all reports from laboratories that used comprehensive mutation detection methods, such as sequencing of all exons of the PAH gene, contained incorrect genotypes. There have also been serious deficiencies in the interpretation of genotype data; in one instance, several laboratories misclassified an MHP mutation (associated with the mild form of PAH deficiency that does not require treatment), and some even offered prenatal diagnosis although an 'affected' child would have been completely healthy with regard to PKU. Molecular diagnostic services should only be provided by laboratories that are 52 familiar with genotype-phenotype correlations in the respective disorders.
A few general criteria may guide the referring clinician in choosing a laboratory that provides high-quality mutation analyses. Accreditation and/or participation in External Quality Assessment schemes should indicate that a laboratory has implemented strategies to recognize and avoid errors. Reports may be more likely to reflect up-todate knowledge if the laboratory concentrates on a limited number of tests related to areas of special expertise (possibly documented by publications in the field) and does not offer a large portfolio of molecular tests for commercial reasons. Finally, reports should contain key elements including indication for the test, method employed (if necessary with the sensitivity of the test), exact description of the results using standard nomenclature, and a detailed interpretation in view of the clinical question. There should be transparency in the costs since they may vary considerably between laboratories even within the same country.
Conclusions
Although mutation analyses are not absolutely essential in the management of patients with PKU, they help in understanding the molecular characteristics of PAH deficiency in the individual patient and assist in treatment decisions. They are useful in the management of all patients with PKU provided that the necessary expertise to interpret the results correctly is available, and the costs of DNA studies are not prohibitive.
